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CHAPTER 6

INDUCTANCE

INTRODUCTION

The study of inductance is a very challenging
but rewarding segment of electricity. It is challenging
because at first it seems that new concepts are being
introduced. However, these new concepts are
merely extensions of the fundamental principles in
the study of magnetism and electron physics. The
study of inductance is rewarding because a thorough
understanding of it will enable you to acquire a work-
ing knowledge of electrial circuits more rapidly.
The Army marine engineer field is the only military
occupational speciality that requires an individual to
show a working knowledge of electricity, from the
production and supply, through the maintenance and
overhaul, to the user-end operation.

CHARACTERISTICS OF INDUCTANCE

Inductance is the characteristic of an electrical
circuit that opposes the starting, stopping, or chang-
ing of current flow. The symbol for inductance is L.
The basic unit of inductance is the henry(H); 1 henry
equals the inductance required to induce 1 volt in an
inductor by a change of current of 1 ampere per
second.

An analogy of inductance is found in pushing a
heavy load, such as a wheelbarrow or car. It takes
more work to start the load moving than it does to
keep it moving. Once the load is moving, it is easier
to keep the load moving than to stop it again. This is
because the load possesses the property of inertia.
Inertia is the characteristic of mass that opposes a
change in velocity. Inductance has the same effect on
current in an electrical circuit as inertia has on the
movement of a mechanical object. It requires more
energy to start or stop current than it does to keep it
flowing.

ELECTROMOTIVE FORCE

Electromotive force is developed whenever
there is relative motion between a magnetic field and
a conductor. EMF is a difference of potential or

voltage which exists between two points in an electri-
cal circuit. In generators and inductors, the EMF is
developed by the action between the magnetic field
and the electrons in a conductor. (An inductor is a
wire that is coiled, such as in a relay coil, motor, or
transformer.) Figure 6-1 shows EMF generated in
an electrical conductor.

When a magnetic field moves through a station-
ary conductor, electrons are dislodged from their
orbits. The electrons move in a direction determined
by the movement of the magnetic lines of flux
(Figure 6-2).

The electrons move from one area of the con-
ductor into another area (view A). The area that the
electrons moved from has fewer negative charges
(electrons) and becomes positively charged (view B).
The area the electrons move into becomes negatively
charged. The difference between the charges in the
conductor equals a difference of potential (or volt-
age). This voltage caused by the moving magnetic
field is called electromotive force.

In simple terms, compare the action of a
moving magnetic field on a conductor to the action
of a broom. Consider the moving magnetic field to
be a moving broom (view C). As the magnetic broom
moves along (through) the conductor, it gathers up
and pushes loosely bound electrons before it.
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The area from which electrons are moved
becomes positively charged, while the area into
which electrons are moved becomes negatively
charged. The potential difference between these two
areas is the electromotive force.

SELF-INDUCTANCE

Even a perfectly straight length of conductor
has some inductance. Current in a conductor
produces a magnetic field surrounding the conduc-
tor. When the current changes direction, the mag-
netic field changes. This causes relative motion
between the magnetic field and the conductor, and
an EMF is induced in the conductor. This EMF is

called a self-induced EMF because it is induced in
the conductor carrying the current. It is also called
counter electromotive force (CEMF).

COUNTER ELECTROMOTIVE FORCE

To understand what CEMF is and how it
develops, first review a basic requirement for. the
production of voltage. To magnetically produce a
voltage or electromotive force, there must be —

A conductor.

A magnetic field.

Relative motion.

Next, review some of the properties of an
electrical circuit. If the ends of a length of wire are
connected to a terminal of an AC generator, there
would be an electrical short, and maximum current
would flow. (Do not do this.) Excessive current
would flow because there would be only the minimal
resistance of the wire to hold back the current. This
will damage the electrical system. Figure 6-3
illustrates self-inductance.

If the length of wire is rolled tightly into a coil,
the coil would become an inductor. Whenever an
inductor is used with AC, a form of power generation
occurs. An EMF is created in the inductor because
of the close proximity of the coil conductors and the
expanding and contracting AC magnetic fields. The
inductor creates its own EMF. Since this inductor
generator follows the rules of inductance, opposing
a change in current, the EMF developed is actually a
counter EMF opposing the power source creating it.
This CEMF pushes back on the electrical system as
a form of resistance to the normal power source.
CEMF is like having another power source con-
nected in series and opposing.

This is an example of an inductive load. Unlike
the resistive load, all the power in the circuit is not
consumed. This effect is summarized in Lenz’s Law
which states that the induced EMF in any circuit is
always in a direction to oppose the effect that
produced it.

The direction of this induced voltage may be
determined by applying the left-hand rule for genera-
tors. This rule is applied to a portion of conductor 2
that is enlarged for this purpose in Figure 6-3
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view A. This rules states that if you point the thumb
of your left hand in the direction of relative motion
of the conductor and your index finger in the direc-
tion of the magnetic field, your middle finger,
extended as shown, will indicate the direction of the
induced current which will generate the induced volt-
age (CEMF) as shown.

View B shows the same section of conductor 2
after the switch has been opened. The flux field is
collapsing. Applying the left-hand rule in this case
shows that the reversal of flux movement has caused
a reversal in the direction of the induced voltage. The
induced voltage is now in the same direction as the

battery voltage. The self-induced voltage opposes
both changes in current. That is, when the switch is
closed, this voltage delays the initial buildup of cur-
rent by opposing the battery voltage. When the
switch is opened, it keeps the current flowing in the
same direction by aiding the battery voltage.

Thus, when a current is building up, it produces
a growing magnetic field. This field induces an EMF
in the direction opposite to the actual flow of current.
This induced EMF opposes the growth of the current
and the growth of the magnetic field. If the increas-
ing current had not set up a magnetic field, there
would have been no opposition to its growth. The
whole reaction, or opposition, is caused by the crea-
tion or collapse of the magnetic field, the lines of
which as they expand or contract cut across the con-
ductor and develop the counter EMF (Figure 6-4).

Inductors are classified according to core type.
The core is the center of the inductor just as the core
of an apple is the center of the apple. The inductor
is made by forming a coil of wire around a core. The
core material is normally one of two types: soft iron
or air. Figure 6-5 view A shows an iron core inductor
and its schematic symbol (represented with lines
across the top of the inductor to indicate the
presence of an iron core). The air core inductor
may be nothing more than a coil of wire, but it is
usually a coil formed around a hollow form of some
nonmagnetic material such as cardboard. This
material serves no purpose other than to hold the
shape of the coil. View B shows an air core inductor
and its schematic symbol.

FACTORS AFFECTING COIL INDUCTANCE

Several physical factors affect the inductance
of a coil. They are the number of turns, the diameter,
the length of the coil conductor, the type of core
material, and the number of layers of winding in the
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coil. Inductance depends entirely on the physical
construction of the circuit. It can only be measured
with special laboratory instruments.

The first factor that affects the inductance of
the coil is the number of turns. Figure 6-6 shows two
coils. Coil A has two turns, and coil B has four turns.
In coil A, the flux field setup by one loop cuts one
other loop. In coil B, the flux field setup by one loop
cuts three other loops. Doubling the number of turns
in the coil will produce a field twice as strong; if the
same current is used. A field twice as strong, cutting
twice the number of turns, will induce four times the
voltage. Therefore, inductance varies by the square
of the number of turns.

The second factor is the coil diameter. In
Figure 6-7, coil B has twice the diameter of coil A.
Physically, it requires more wire to construct a coil of
larger diameter than one of smaller diameter with an
equal number of turns. Therefore, more lines of
force exist to induce a counter EMF in the coil with
the larger diameter. Actually, the inductance of a
coil increases directly as the cross-sectional area of
the core increases. Recall the formula for the area
of a circle: A = pi r squared. Doubling the radius of
a coil increases the area by a factor of four.

—.

The third factor that affects the inductance of
a coil is the length of the coil. Figure 6-8 shows two
examples of coil spacings. Coil A has three turns,
rather widely spaced, making a relatively long coil. A
coil of this type has fewer flux linkages due to the
greater distance between each turn. Therefore, coil
A has a relatively low inductance. Coil B has closely
spaced turns, making a relatively short coil. This
close spacing increases the flux linkage, increasing
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the inductance of the coil. Doubling the length of a
coil while keeping the number of turns of a coil the
same halves the inductance.

other turns (shaded). This causes the flux linkage to
be increased.

The fourth factor is the type of core material
used with the coil. Figure 6-9 shows two coils: coil
A with an air core and coil B with a soft-iron core.
The magnetic core of coil B is a better path for
magnetic lines of force than the nonmagnetic core of
coil A. The soft-iron magnetic core’s high per-
meability has less reluctance to the magnetic flux,
resulting in more magnetic lines of force. This
increase in the magnetic lines of force increases the
number of lines of force cutting each loop of the coil,
thus increasing the inductance of the coil. The induc-
tance of a coil increases directly as the permeability
of the core material increases.

The fifth factor is the number of layers of wind-
ings in the coil. Inductance is increased by winding
the coil in layers. Figure 6-10 shows three cores with
different amounts of layering. Coil A is a poor induc-
tor compared to the others in Figure 6-10 because its
turns are widely spaced with no layering. The flux
movement, indicated by the dashed arrows, does not
link effectively because there is only one layer of
turns. Coil B is a more inductive coil. The turns are
closely spaced, and the wire has been wound in two
layers. The two layers link each other with greater
number of flux loops during all flux movements. Note
that nearly all the turns, such as X, are next to four

A coil can be made still more inductive by
winding it in three layers (coil C). The increased
number of layers (cross-sectional area) improves flux
linkage even more. Some turns, such as Y, lie directly
next to six other turns (shaded). In actual practice,
layering can continue on through many more layers.
The inductance of a coil increases with each layer
added.

The factors that affect the inductance of a coil
vary. Many differently constructed coils can have the
same inductance. Inductance depends on the degree
of linkage between the wire conductors and the
electromagnetic field. In a straight length of conduc-
tor, there is very little flux linkage between one part
of the conductor and another. Therefore, its induc-
tance is extremely small. Conductors become much
more inductive when they are wound into coils.
This is true because there is maximum flux linkage
between the conductor turns, which lie side by side
in the coil.

UNIT OF INDUCTANCE

As stated before, the basic unit of inductance
(L) is the henry (H). An inductor has an inductance
of 1 henry if an EMF of 1 volt is inducted in the
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inductor when the current through the inductor is
changing at the rate of 1 ampere per second.

POWER LOSS IN AN INDUCTOR

Since an inductor (coil) consists of a number of
turns of wire and since all wire has some resistance,
every inductor has a certain amount of resistance.
Normally, this resistance is small. It is usually
neglected in solving various types of AC circuit
problems because the reactance of the inductor (the
opposition to alternating current) is so much greater
than the resistance that the resistance has a negligible
effect on current.

However, since some inductors are designed to
carry relatively large amounts of current, consider-
able power can be dissipated in the inductor even

though the amount of resistance in the inductor is
small. This is wasted power called copper loss. The
copper loss of an inductor can be calculated by mul-
tiplying the square of current in the inductor by the
resistance of the winding (I2R).

In addition to copper loss, an iron-core coil
(inductor) has two iron losses. These are hysteresis
loss and eddy-current loss. Hysteresis loss is due to
power that is consumed in reversing the magnetic
field of the inductor core each time the direction of
current in the inductor changes. Eddy-current loss
is due to currents that are induced in the iron core by
the magnetic field around the turns of the coil. These
currents are called eddy currents and flow back and
forth in the iron core.

All these losses dissipate power in the form of
heat. Since this power cannot be productively con-
sumed in the electrical circuit, it is lost power.

MUTUAL INDUCTANCE

Whenever two coils are located so that the flux
from one coil links with the turns of another coil, a
change of flux in one causes an EMF to be induced
into the other coil. This allows the energy from one
coil to be transferred or coupled to the other coil.
The two coils are coupled or linked by the property
of mutual inductance. The amount of mutual induc-
tance depends on the relative positions of the two
coils (Figure 6-11). If the coils are separated a con-
siderable. distance, the amount of flux common to
both coils is small, and the mutual inductance is low.
Conversely, if the coils are close together so that
nearly all the flux of one coil links the turns of the
other, the mutual inductance is high.

The mutual inductance can be increased
greatly by mounting the coils on a common core. Two
coils are placed close together (Figure 6-12). Coil 1
is connected to a battery through switch S, and coil 2
is connected to an ammeter (A). When switch S is
closed (view A), the current that flows in coil 1 sets
up a magnetic field that links with coil 2, causing an
induced voltage in coil 2 and a momentary deflection
of the ammeter. When the current in coil 1 reaches
a steady value, the ammeter returns to zero. If switch
S is now opened (view B), the ammeter (A) deflects
momentarily in the opposite direction, indicating a
momentary flow of current in the opposite direction
of coil 2. This current in coil 2 is produced by the
collapsing magnetic field of coil 1.
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